A new type of GdAl 2 nanocapsule with single-phase intermetallic compound GdAl 2 as the core and amorphous Al 2 O 3 as the shell has been synthesized by the arc-discharge technique with modified strategies. Meanwhile, novel three-dimensional coral-like hierarchical branching macro-aggregates were self-assembled by disordered nanocapsules synthesized simultaneously in the arc-discharge process. The GdAl 2 nanocapsules display superparamagnetic properties between their blocking temperature of 100 K and Curie temperature of 162 K. The magnetocaloric effect of the GdAl 2 nanocapsules was measured between 5 and 165 K. The absolute value of the change of magnetic entropy of the GdAl 2 nanocapsules sharply increases with decreasing temperature and reaches 14.5 J kg −1 K −1 at 5 K in magnetic fields varying from 0 to 50 kOe. As a result, this new type of nanocapsule can prospectively be applied in cryogenic magnetic refrigerator devices.
Introduction
Recently, interest in research on magnetic nanocapsules has been enhanced considerably because their intermediate states between bulk and atomic materials may present different magnetic behaviours from their correspondent bulk counterparts.
This difference offers an opportunity for researchers to investigate the dimensionally confined system in basic research areas and develop many important technical applications, including magnetic refrigerators, magnetic recording, magnetic fluids, catalysts, superconductors and medicine [1] . As the principal contributor of the novel properties, various magnetic cores of nanocapsules, including rare earths and their carbides [2, 3] , Fe [4, 5] , Co [6, 7] , Fe-Co [8, 9] , Ni [7, 10, 11] , Mn [12] , and Co-Cr solid solution [13] , have been researched extensively over the past two decades. Apart from single magnetic elements and their carbides, however, cores of compounds need to be exploited to adapt to high-speed developing nanoscience and nanotechnology. Consequently, cores of magnetic rare-earth intermetallic compounds are turning into one of the principal candidates in the field of nanotechnology.
Ferromagnetic intermetallic compounds on the nanoscale will have potential applications in low-temperature magnetic refrigeration because of their superparamagnetic properties. According to theoretical calculation, McMichael concluded that the nanoparticles may exhibit an effective magnetic moment that is greater than the magnetic moment of the constituent atoms, so the magnetic entropy of the nanoparticles may have a maximum enhancement of the magnetocaloric effect (MCE) [14] . Yamamoto et al [15, 16] investigated the entropy change in Fe 2 O 3 -Ag nanocomposites, confirming the prediction of McMichael. Provenzano et al [17] reported an MCE of R 3 Ga 5−x Fe x O 12 nanocomposites (R = Gd, Dy and Ho), but the largest S M is −1.7 J kg −1 K −1 . Nelson et al [18] attempted to prepare Gd nanoparticles in solution, yet they had considerable difficulties in preventing oxidation of the particles. It is a common fact that it is extremely difficult to synthesize the nanoparticles/nanocapsules with rare-earth elements or compounds because of the chemical activity of the rare earths. Therefore, it is necessary to explore a new type of nanoparticle to acquire larger entropy change and to prevent the magnetic nanoparticles from being oxidized. A new type of superparamagnetic GdAl 2 nanocapsule with high atomic moments, low crystalline anisotropy and shell protection would have much more advantages than other nanocomposites for application in cryogenic magnetic refrigerator devices.
During preparation of the nano-products, these nano-units, such as nanoparticles, nanoclusters, nanowires and nanorods, can also self-assemble into the novel structural aggregates through several routes, including electron irradiation deposition [19] , chemical vapour deposition [20] , laser vaporizationcondensation [21] , charge transferring [22] , an organic reagentassisted method [23] , the solution-liquid-solid method [24] and catalytic vapour-liquid-solid growth [25] . With these routes, various nanoscale or microscale aggregates can demonstrate novel architectures, including tree-like, web-like, spherical, nanowire-like, network and fishbone-like aggregates. As a well-known method for producing the nanocapsules, however, arc-discharge has rarely been used to synthesize the aggregates self-assembled by the nanocapsules prepared simultaneously in arc discharge. Nevertheless, it is possible that arc discharge can be developed into a new way of synthesizing the aggregates.
In the present work, we utilized an arc-discharge technique with modified strategies, involving changing the hydrogen pressure, introducing a gadolinium-aluminium alloy ingot as the anode, and adjusting the proportions of elements in the anode according to their evaporation pressures, to synthesize a new type of nanocapsule, with the intermetallic compound GdAl 2 as the core and amorphous Al 2 O 3 as the shell, which enlarges the family of magnetic nanocapsules. At the same time, regularly aligned three-dimensional macro-aggregates self-assembled by the nanocapsules without any template and catalyst were simultaneously synthesized in an arc-discharge process.
Experiment details
The GdAl 2 nanocapsules, which self-assembled into the corallike aggregates, were synthesized by the well-known arcdischarge method with modified strategies. In the purified argon atmosphere, an anode Gd-Al alloy button was prepared by melting Al and Gd flakes of 99.9 wt% purity at least four times by arc discharge so that the components were homogeneous. The optimum atomic proportions of the button were 80 at.% Gd and 20 at.% Al on the basis of their evaporation pressures. The cathode was a tungsten needle with a diameter of 3 mm. The anode target was placed into one pit of a water-cooled copper crucible. The angle between the anode and the cathode was about 60
• . After the chamber was evacuated to 6.6 × 10 −3 Pa, argon was introduced into the chamber to reach 0.02 MPa, and then H 2 was introduced into the chamber to reach 0.006 MPa, exceeding the critical value of 0.03 MPa, above which the metal atoms can evaporate rapidly. Then the arc was ignited and the current was maintained at 80 A for 5 h. After being passivated in 0.02 MPa argon for 
Result and discussion
The XRD pattern clearly shows the phase composition of the as-prepared products in figure 1. In addition to several peaks indicating the existence of a small amount of Gd 2 O 3 , most sharp reflection peaks could be indexed to the single-phase intermetallic compound GdAl 2 . The formation of these phases is due to the bumping of the metal atoms evaporating from the molten pool of the anode [26] . It is noteworthy that only GdAl 2 binary compound appears in the present products and that no other intermetallic compounds in the Gd-Al binary system are found in the XRD pattern. The facts that Gd and Al atoms are of appropriate proportions and that the GdAl 2 is a stable phase with the highest decomposition temperature in the Gd-Al phase diagram play important roles in the formation of single-phase GdAl 2 . When the composition of the anode is changed, Gd 3 Al 2 can be found in the products, indicating the importance of appropriate atomic proportions of the two different metals. In the arc-discharge process, a small number of gadolinium particles formed by excessive gadolinium atoms were oxidized into Gd 2 O 3 when exposed to the air. 
Structural analysis of the aggregates
The morphology of the upper part of the aggregates was examined by scanning electron microscopy (SEM), as is shown in figure 2 . A low-magnification SEM image reveals that every aggregate displays coral-like architecture with hierarchical branching characteristics along the axial and lengthwise directions, and the average diameter ranges from A typical SEM image of the middle part of an aggregate is shown in figure 3 at different magnification. The morphology of the aggregates indicates their growth characteristics in the arc-discharge process. Obviously, the rod-like big branches locate in the space built up by under-floor branches and the same floor branches are almost of the same height. Accordingly, it can be concluded that the big branches around the main stem of aggregates grew separately and constructed the space for the growth of upside floor branches simultaneously. It can be observed from figures 3(a) and (b) that a big branch comprises some big clusters and a big cluster also consists of many small irregular spherical clusters, with diameter distribution from 5 to 10 μm, stacking together and keeping a distance of about 2 μm. The SEM image at a high magnification shows the clear morphology of small clusters ( figure 3(c) ), which are composed of flocculent structure formed by the small particles adhering together. The existence of the distance between clusters and big branches can be explained by the fact that they carried the redundant negative charge from the plasma to repulse each other [19] .
In figure 4 , the root of an aggregate is clearly shown. The diameter of the root is about 80 μm, smaller than the middle and upper parts of the aggregates ( figure 4(a) ). The local morphology of the root shows that big clusters with a diameter of about 40 μm congregate together to construct the root ( figure 4(b) ). A higher-magnification SEM image of the root shows that the flocculent structures array like a lawn along the same direction ( figure 4(c) ). A high-magnification SEM image of a flocculent structure is shown clearly in figure 4(d) , in which the particles adhere together to form line-like flocculent structures. These characteristics indicate that the flocculent structures directly constructed the roots of the aggregates or adhered together to form big clusters on the roots of aggregates, because the flocculent structures carrying negative charge from the plasma are more easily attracted to the surface of the anode to form roots at the initial stage of the arc-discharge process.
Structure of the nanocapsules
The morphology of the nanocapsules constructing the aggregates was examined from the low-magnification TEM images ( figure 5(a) ). The particles are of irregular spherical shape or a strip with curvature, and the diameter distribution is 20-50 nm, which makes it easy for them to adhere together to form a flocculent structure. From the selected area electron diffraction (SAED) pattern, GdAl 2 and Gd 2 O 3 can be determined from the characteristic diffraction rings, indicating the characteristic lattice planes (111), (220), (311), (400) and (422) of GdAl 2 and (222) and (440) of Gd 2 O 3 , respectively ( figure 5(b) ), which is consistent with the results of the XRD pattern. In figure 5(c) , the HRTEM image clearly shows the shell/core structure with a crystalline core and an amorphous shell 4.2 nm thick. In the core, the dspacing of 0.456 nm corresponds to the lattice fringe {111} of GdAl 2 . An HRTEM image of the nanoparticle, without a shell/core structure ( figure 5(d) ), shows the characteristic lattice fringes' {222} plane and {013} plane with d-spacings of 0.311 and 0.341 nm respectively, which corresponds to Gd 2 O 3 . The shell of the nanocapsules can be determined as Al 2 O 3 from the binding energy peak of 74.1 eV [27] , which is shown in the XPS spectrum with an etching depth of 1.6 nm ( figure 5(e) ). Another binding energy peak of 71.6 eV of Al2p3/2 represents the compound GdAl 2 [27] , the intensity of which is lower than that of Al 2 O 3 , indicating the existence of some nanocapsules with a shell thinner than 1.6 nm. The formation of an Al 2 O 3 shell was explained by the fact that Al atoms with higher velocities, due to smaller atomic mass, were more easily absorbed on the outside of the GdAl 2 nanoparticles and subsequently condensed on the surface. When the products were exposed to air, Al atoms were easily oxidized to amorphous Al 2 O 3 [26] .
Magnetic properties and MCE of the nanocapsules
The zero-field-cooled and field-cooled (ZFC-FC) curves of the GdAl 2 nanocapsules were measured from 5 to 300 K at an applied field of 100 Oe. From figure 6(a) , it can be clearly observed that a peak of the ZFC curve appears at 100 K, indicating the blocking temperature T B , and the bifurcation between ZFC and FC curves appears. Furthermore, the peaks in the temperature dependence of ac susceptibility (in the inset of figure 6(a) ) do not shift their positions with an increase in frequency from 10 to 1000 Hz, which is different from the character of the spin-glass-like state in which the peaks would shift to lower temperatures with increasing frequency. A pivotal point at 162 K in the two overlapping curves indicates the Curie temperature T C of GdAl 2 nanocapsules, which is slightly lower than 172 K for the bulk counterpart because of the dimensional effect [1] . It can be concluded that GdAl 2 nanocapsules are of a superparamagnetic property between the blocking temperature T B and the Curie temperature T C , because their sizes are decreased to the nanoscale. From the magnetic hysteresis loops in figure 6(b) , the coercive force at 5 K is 280 Oe, showing their ferromagnetic behaviour at low temperatures. The magnetization at 180 K increases linearly with the increase in the magnetic field, indicating their paramagnetism. Because the only phase components in the nanocapsules are ferromagnetic GdAl 2 and paramagnetic Gd 2 O 3 , this may exclude the contribution of antiferromagnetic components to magnetization at low temperatures.
By grouping spins together in superparamagnetic GdAl 2 nanocapsules, the magnetic moments are more easily aligned than in the paramagnetic system for certain ranges of field at low temperature, and the entropy of the spins is more easily changed by the application of a field. According to the experimental results of Yamamoto et al [15, 16] , the isothermal magnetic entropy change around 250 K in 9% Fe of Fe 2 O 3 -Ag nanocomposite reached about 2.1 × 10 −3 J mol −1 (Fe) in a magnetic field varying from 0 to 70 kOe, which exceeded that of normal paramagnetic Fe 3+ in the same temperature and magnetic field range by about two orders of magnitude. However, the extensive measure of the MCE is reduced by a factor proportional to the ratio of the volumes (or the mass) of the inactive matrix [28] . In the magnetic cores of the present nanocapsules, the total angular momentum of the Gd atom is J = 7/2 and its effective magnetic moment is 7.2 μ B . So GdAl 2 nanocapsules will have large magnetization, ensuring that more spins contribute to the entropy change. On the other hand, the lower crystalline anisotropy [29] of GdAl 2 will make the moments of particles align easily along the applied field. It is also worth noting that the Al 2 O 3 shell of nanocapsules can prevent the GdAl 2 cores from being oxidized and interacting with each other. In view of the advantages mentioned above, the change in entropy in the GdAl 2 nanocapsules was measured from 5 to 165 K in a magnetic field varying from 0 to 50 kOe. At low temperatures, the absolute S M value sharply increases with a decrease in temperature and reaches 14.5 J kg figure 7) . Delightfully, not only the GdAl 2 nanocapsules with large entropy change at low temperatures will have potential applications in the future, but also the strategy of preparation of GdAl 2 nanocapsules will open up a new route for preparing more compounds of magnetic nanocapsules.
Conclusion
Using an arc-discharge technique with a modified strategy, nanocapsules with a single-phase GdAl 2 core were fabricated and three-dimensional coral-like macro-aggregates were self-assembled by the new type of GdAl 2 nanocapsules simultaneously. The phase compositions of the product were determined as single-phase GdAl 2 and a small amount of Gd 2 O 3 from XRD and TEM measurements. Using SEM, the architecture of the hierarchical branching aggregates was shown to be constructed from nanocapsules, flocculent structure, small clusters, big clusters and big branches step by step at different scales, which indicates the self-similar attributes of the structure. The GdAl 2 nanocapsules have a shell/core structure with crystalline GdAl 2 as the core and amorphous Al 2 O 3 as the shell, respectively.
The new type of GdAl 2 nanocapsules shows superparamagnetic properties between their blocking temperature of 100 K and Curie temperature of 162 K. The GdAl 2 nanocapsules show ferromagnetic behaviour at low temperatures. The peaks in the temperature dependence of ac susceptibility do not shift their positions with an increase in frequency from 10 to 1000 Hz, which excludes the possibility of the existence of a spin-glass-like state. On the other hand, the only phase components in the nanocapsules are ferromagnetic GdAl 2 and paramagnetic Gd 2 O 3 , which excludes possible contributions of the antiferromagnetic components at low temperature. The absolute value of the change in magnetic entropy sharply increases with an decrease in temperature at low temperature and reaches 14.5 J kg −1 K −1 at 5 K. Consequently, GdAl 2 nanocapsules can be applied as a promising MCE material for low-temperature MCE devices. At the same time, the present strategy using an arc-discharge technique opens up a new way of synthesizing more magnetic nanocapsules of rareearth compounds.
